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Abstract: The main goal of this paper is to compare a one year performance of 5.94 KWp grid-connected PV
module technology systems, constituted by three types of photovoltaic solar panels (Monocrystalline (mc-Si)
(2.04KWp), polycrystalline (pc-Si) (2.04KWp) and amorphous (a-Si) (1.86 KWp))-silicon installed on the roof of
the faculty of science Ben M ’sik Casablanca. The study is based on the data collected along 2 years (2015- 2016)
about energy production. The elements of performance evaluated monthly and annually include: energy output,
system efficiency, reference yield, final yield, performance ratio, annual capacity factor and CO2 emissions
avoided. The investigation of the annual: productivity (Eac.y), system efficiency (Usys v performance ratio (Pr),
capacity factor (CF) and amount of CO2 emissions avoided for a-Si are found as 2941.15KWh, 7.21%, 73.1%,
18.05% and 1.765tons respectively. Eac,y, Isys,v , Pr, CF and amount of CO2 emissions avoided for pc-Si are found
as 3331.15KWh, 11.4%, 75.6%, 18.64% and 1.999tons respectively. Mc-Si installation exhibits slightly higher
values of Eacy, Ilsysy, Pre CF and amount of CO2 emissions avoided which are 3370.89KWh, 11.7%,
76.7%, 18.86% and 2.023tons respectively. The results show that mc-Si system presents the best performance
followed by pc-Si and by a-Si. In addition, a developed study was carried out to establish the relation between
the efficiency and temperature, performance ratios and radiation, in order to know the behavior of each
technology for each period of the year and for the whole year. Without forgetting a comparison of all results
found with the previous studies in different locations.
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I. Introduction

The energy crisis marked by a surge in oil prices and the imperatives of sustainable development make
renewable energies an alternative that are now attracting researchers from several countries, knowing that the total
energy consumption of the world reached 19,710 billion kW h/year in 2016 [1].

Non-oil-producer, Morocco is also concerned by this crisis. To get along with this, the new energy policy
focuses on the use of renewable energies in particular, solar energy. In this way comes the energy transition
strategy adopted by Morocco, which is made to increase the share of renewable energies from 42% installed
capacity by 2020 to 52% by 2030. Morocco will have to develop (between 2016 and 2030) an additional capacity
of 10100MW from renewable energies, of which solar will reach 4560 MW [2]. The conversion of solar energy
to another useful energy can be done by a lot of solar systems [3]. One of these solar systems is used to produce
the electricity based on photovoltaic system (PV). This latter system can be used in two ways, in an isolated cites
[4] or in connected to the power grid [5]. The photovoltaic effect is a physical phenomenon peculiar to some
materials called semiconductors which produce electricity when exposed to sunlight. These PV materials include
several types of PV technologies such as Crystalline Silicon (monocrystalline and polycrystalline), thin films
(amorphous silicon (a-Si), cadmium Telluride (CdTe) or copper-indium gallium-selenide (CIGS)), Multi-junction
cells and concentrating photovoltaics (CPV). Silicon cells make up the majority of the market, with an estimation
0f 90% of market share while thin films constitute less than 10% [6]. Silicon solar cells efficiency has been tested
in the laboratory at standard test conditions (STC) (25 °C, 1000 W/m2 and AM: 1.5) and it is close to 24.4% for
monocrystalline, 19.8% for polycrystalline and 10.2% for amorphous [7, 8, 9]. However, the increase in efficiency
takes an exponential pace of about 0.3% per year due to the considerable technology progress [6].

As it is known, PV panels with several manufacturing technologies are produced today. These PV panels
can have the same maximum power at STC, but the technical information provided from standard test conditions
may never occur in practice [10], not only due to spectral reactions, temperature coefficients, voltage and current
values which are differents, but also to their reactions to environmental factors like radiation, temperature and
wind speed. The measurements on-site are the most accurate method to determine the
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performance of various designs under actual operating environments and the obtaining of reliable data for
evaluation [11]. Several research works, in different places in the world, about the performance and characteristics
of grid connected systems have been found in the literature [12, 13, 14, 15] for example Li and al presented a
study of a grid-connected PV system in Hong Kong, and showed that the energy payback period was estimated to
be 8.9 years [16]. Canete et al. analysed 4 different module technologies, like a-Si, microcrystalline silicon, Cd
and Amount of incoming solar radiation for a year in Spain and reported that thin-films were more productive
than polycrystalline modules [17]. This work is part of the "PROPRE.MA" project, proposed by the Faculty of
Science Semlalia Marrakech (FSSM) and financed by IRESEN (02/2014-01/2016). The primary goal of
"PROPRE.MA" consists to address grid-connected PV yield maps for the whole country with ground calibration
on 20 identical plants installed in partner institutional buildings located in 20 different Moroccan cities. Each plant
consists of three grid-connected PV systems using monocrystalline, polycrystalline and amorphous silicon
technologies. A monitoring system has been constructed to evaluate the produced energy by PV systems and
investigate the effect of meteorological conditions on their performance [18].

The main purpose of this paper is to evaluate the performance of 5.94 KWp system constituted of three
technologies named a-Si, pc-Si and mc-Si for a 12 months period under Casablanca climate conditions. The
collected data along 2 years and PVGIS solar radiation estimate tool have been used for this comparison in order
to investigate which one of these technologies is the most efficient and affordable.

1.1. Description of location:

The 5.94 KWp grid-connected PV systems are installed on the roof of the Faculty of sciences Ben M’Sik
Casablanca with a latitude of 33° 33” 56.33I North and a longitude 7° 32° 29.22] West (see Figurel). Casablanca
located in the central western part of the country bordering the Atlantic Ocean, with a latitude of 33°35.2986'North
and a longitude 7°36.6828"West, at 80 km south of Rabat, the administrative capital. Casablanca is the largest city
in Morocco with an area of about 149mz2, one of the most important cities in Africa, both economically and
demographically (see Figure2).

Figurel: .Location o roof by Google Earth. 7 Figure2: .Location of Caalana city by Google Earth

I1. Solar PV plant

The grid-connected PV system includes 12 amorphous silicon thin-film panels (a-Si), each one with
155Wp, 8 polycrystalline panels (pc-Si), and 8 monocrystalline panels (mc-Si), each one with 255 Wp. PV panel
power were placed on the roof of FSBM in Casablanca. A-Si modular series was installed in double row,
polycrystalline and mono-crystalline panels in single row. The PV modules are mounted facing south with a near
to latitude tilt angle (30°), supposed close to the optimal value to provide a maximum annual yield. The appearance
of PV systems on the roof surface is given in Figure 3. Every module series was connected to a different inverter
with conducting wire. Electrical energy produced by PV modules and converted into AC currency (230 V and 50
Hz) via an inverter was transferred to power plant connected to FSBM building. The inverters used in the system
are shown in Fig 4.

Figure 3: FSBM PV systems Figure 4: Connected inverters on FSBM
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2.1. PV panels:

Three PV panel types, 12 NEXPOWER Solar a-Si thin film panels XTREM+ (NT -155AF) were
connected in series whose size is 1412x1112x35 mm and total surface is 1.84 m2. The module weight is 19.5 kg.
8 polycrystalline panels (SUNMODULE plus SW 255 poly) are used at this study. Physical properties of this PV
panel are 18 kg weight and 1675x1001x33 mm module size.8 monocrystalline (SUNMODULE Plus SW 255
mono) whose size is 1675x1001x33 mm and weight is 21.2 kg. Electrical properties of these 3 PV modules are
shown at Table 1

System-1 ’ System-2 ‘ System-3
Trademark NEXPOWER SOLARWORLD
Model XTREM+(NT -155AF) SUNMODULE plus SW 255 SUNMODULE Plus SW 255
poly mono
Solar cell Thin film (a-Si) Poly crystalline Mono crystalline
Maximum power at STC 155W, 255W, 255W,
Maximum power point voltage (Vmp) 65.9V 30.9V 31.4V
Maximum power point current (1) 2.43A 8.32A 8.15A
Open circuit voltage (Vo) 85.5V 38V 37.8V
Short circuit current (ls) 2.56A 8.88A 8.66A
Module efficiency 9.9% 15.21% 15.51%
Length 1412mm 1675mm
Width 1112mm 1001mm
Weight 19.5kg 18kg 21.2kg
Temperature Coefficient (Pmax) -0.28%/°C -0.41%/°C -0.45%/°C

Table 1: Specifications of PV panels used in the power plants.

2.2 Inverter Sunnyboy 2000HF-30:

In this study, 3 Sunnyboy 2000 HF-30 were used. Each plant employs an inverter independently. The efficiency
achieved by 2100 W DC power and 2000 W nominal AC power inverters was 96.3%. It is possible to follow
monthly and total production information by software adapted to the inverters, whose size is 348 x580 x145 mm
and it weighs about 17 kg.

Technical properties of Sunnyboy 2000HF-30 inverter are shown in Table 2.

Technical data
Inverter type: SB 2000HF-30
Input (DC) Max. DC power (@ cos ¢ = 1) 2100 W Output (AC) AC nominal power (@ 230V, 50 Hz) 2000 W
Max. DC voltage 700V Max. AC apparent power 2000 VA
MPP voltage range 220,230,240 V;
175 V-560V Nominal AC voltage; range 180-280V
DC nominal voltage 530V AC grid frequency; range 50,60 Hz; =4.5 Hz
Min. DC voltage / start voltage 175V/220V Max. output current 114A
Max. input current / per string 12A/12A Power factor (cos ¢) 1
Number of MPP trackers / strings 1/2 Phase conductors / connection phases 1/1
per MPP tracker
Efficiency 96.3%/95.0%
General data
Dimensions (W/H /D) in mm 348x580x 145
Weight 17kg
Operating temperature range =25°C...+60°C

Table 2: Technical characteristic of Sunnyboy 2000 HF-30 inverter.

I11. Performance analysis
The elements used to study and evaluate the performance parameters of the three different PV systems
(a-Si, pc-Si and mc-Si), include: total energy generated by the PV system (Eac), monthly and annually system
efficiency (nsys(m,y)), reference yield (Yr), final yield (Y), performance ratio (Pr) and capacity factor (CF) which
are described by IEC 61724:1998 and the international energy agency task Il database on photo-voltaic power
system [19,20] and an environmental performance.

3.1. Energy produced by the PV panels:

The integration of the instantaneous values of the maximum power into the measurement interval generates the
energy (Eac) [21]. Monthly generated energy is calculated with equation (1).

Eac = fots Pac dt 1)
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ts is the integration period and dt is the duration and Pac the power of AC electricity output [22].
The instantaneous energy output was obtained by measuring the energy generated by the PV system after the
DC/AC conversion on 5 min intervals, like it was done by [23].

3.2. System ef ficiency:

Energy performance of PV systems depends on the overall efficiency of the equipment used in these
systems [21]. System efficiency is calculated as the energy produced by the system to amount of radiation
reflecting onto PV surface ratio. It can be calculated in yearly, monthly or even daily periods. In our study we will
calculate the monthly and yearly system efficiency which is represented by the equation (2) and (3) respectively
[24].

l’lsys,m((%)) = ——AGm_ (2)

S X Goptm

I’lsys,Y (%) = EA# (3)

SXGOpLY

Eacmand Eacyy represents monthly and annually AC energy amount transferred to power plant by the system
(kwh) respectively, S is the total surface area of the panels (m?) and Gop,mand Gop,y monthly and annually amount
of radiation reflecting onto unit area of panel surface (kWh/m? ) respectively.

3.3. Reference yield:
The reference yield (Yr) represents the ratio of the total in-plane solar insolation Gopt (Kwh/m?) divided by the
array reference irradiance (Gstc = 1 KW/m?). It expresses a number of peak sun-hours [25]. It can be written as:

Yo = o2 4

GsTc

3.4. Final yield:

The final yield is defined as the annual, monthly or daily net energy generated, Eac divided by P, rated power of
the installed PV array at standard test conditions (STC) of 1 kW/m2 solar irradiance and 25 °C cell temperature.
The YF is an ideal indicator permitting the normalization of the energy produced in accordance with the system
size [26-27-28]. It can be calculated using equation (5):

Y, = AC (5)

~ Pstc
3.5. Performance ratio:

The performance ratio Pr is an indicator that normalizes the energy fed to grid with respect to the received
irradiance. Pris used to compare and evaluate performances of PV systems in different regions and at different
times. Pr is calculated using equation (6): [23, 29].

Pe(%) = 3= ®)
Yr
3.6. Annual capacity factor:
The capacity factor (CF) is defined as the ratio of the actual annual energy output Eac to the amount of energy
the solar PV power plant would generate if it is operated at full rated power Pstc for 24 h per day for a year [23].

CF=__Eac ©)
PsTcX24X365

3.7. CO2 emission avoided:

The production of 1 kW of energy using fossil fuels generates 0.6 kg of CO, emissions to the atmosphere, PV
panels make it possible to avoid this emission when they are used to generate the same amount of energy [30].
CO2 emission avoided by three different PV panels installed on the roof of FSBM during their operation was
calculated and the most profitable panel in terms of environmental criteria in one-year period and in two years of
operating was determined.
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IV. Performance analysis method

To analyze the real performance of 5.94 KWp grid-connected PV systems, we have collected data about
energy production along 2 years (2015-2016) of 3 real PV panels located in Casablanca.

The assembled data of these two years were organized, analyzed and filtered in order to avoid possible deviations
from normal behavior. All these steps allowed us to have the exact look of the graph showing the monthly average
production of our systems that we will present in the results parts.

As it is known, the energy generated from photovoltaic (PV) panels depends usually on meteorological
data at a given location, different sources of solar radiation data exist, but it is very interesting to discuss the
strengths and weaknesses of each data source. For our case, we preferred the new (PVGIS)-Helioclim database
because it includes the same time period of meteorological data (2015-2016) [31]. Figure 6 and 7 show the
monthly meteorological data of Casablanca (tilted solar irradiation, ambient temperature and wind speed)
generated from the software.

PVGIS is one of the several simulation tools which is developed to help engineers and researchers in the
design, the performance assessment and the feasibility of solar PV power plants in worldwide. This system allows
us to determine the real performance of our installation because it makes it possible to calculate long- term average
values of the irradiation [32].

Therefore we combine the actual electrical production data collected from our systems and the
meteorological data given by PVGIS which includes data from the same time period, to evaluate the performance
of 5.94 KWp grid-connected PV module technology systems consisting of three technologies namely a-Si, pc-Si
and mc-Si for a 12 months period under Casablanca climate conditions.
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Figure 6:.Daily average radiation amount according to month Figure 7: Monthly average ambient temperature and wind speed

V. Results and discussion
In this part, the average monthly energy measurements for the two years, produced by three different
types of PV systems installed on the roof of FSBM Casablanca is explained in details. Data produced were
compared with each other and with their equivalents in the literature.

5.1. Production analysis:
After the integration of the instantaneous values of power on 5 min intervals, for two years of operation using
equation (1) (Made by a monitoring system). Average monthly total electrical energy generated by PV systems is
shown in Figure 8.
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Figure 8: Harvested energy profile from the three-plant all year round.
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As can be seen, the month with the highest electric power production is July. But comparing annual sums
of energy produced, indicates that the first installation constructed by a-Si panels generated 2941,15-kW h, the
second installation constructed by pc-Si panels generated 3331.15-kWh, and the third installation constructed by

mc-Si panels generated 3370,89-kW h annually. Total amount of energy generated by three plants is around
9643.19-kWh annually.

12 Emc-Si Wpc-Si Wa-Si

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 9: Monthly average of the daily AC electricity generated by the three PV systems.
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Monthly average daily values of experimental output powers obtained from a-Si PV system with a total
output power of 1860W, pc-Si PV system with a total output power of 2040 W and mc-Si PV system with a total
output power of 2040 W according to datasheet are given in Figure 9. The system consisting of monocrystalline
panels generated energy more than the other two panels during 7 months, polycrystalline during 5 months but the
amorphous thin film panels always have less energythan the other two during the 12 months.

5.2. System ef ficiency:
Monthly energy conversion efficiencies of system were calculated with equation (2), and graphed in figure 10:

B mc-Si Wpc-Si Wa-Si

Figure 10: Monthly energy efficiency.

N_(sys,m) (%)

The maximum value of energy conversion efficiency for monocrystalline PV panels was about 12.66%
in January and the minimum value was 10.77% in October. Although this value for polycrystalline panels
increased to 12.08% in April, its efficiency remained at 11.4% during the whole year. The minimum value of
energy conversion efficiency for a-Si PV panel was 6.91% and the maximum values was 7.74%. Monthly average
energy efficiency for the three technologies were 7.21%, 11.4% and 11.7% for a-Si, pc-Si and mc-Si PV panels,
respectively.
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5.3. Energy yields:

Equations (4) and (5) were used to calculate our 12 monthly averages of daily final yields for the three above
mentioned PV systems as well as the 12 reference which are considered simulated as long as G irradiation is
obtained via PVGIS.

Emc-Si Mpc-Si Ma-Si Simulated Refyield

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 11: Final yields of the three PV systems compared with the simulated reference yield

Yield (hours)
N w SN (9]

[E=N

The monthly average of the daily final yields YF varied from:

[] 3.21 to 5.14 hours, moving from December to April, for the a-Siplant.

[1 3.45 to 5.36 hours, moving from December to July for the pc-Siplant.

[] 3.63 to 5.33 hours, moving from December to July for the mc-Siplant.

When moving from December to July the reference yield Yrincreased from 4.51 to 7.01 hours.

5.4. Performance ratio:
Performance ratio is a way to evaluate a relative efficiency of a PV system [21]. It is calculated using equation
(6). The PR of 3 different PV panels are shown in Figure 12.

20 Emc-Si MpcSi MWa-Si

80

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 12: Performance ratios of the three PV systems
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Pr of monocrystalline (Prm) PV panel’s values change in range of 83.26%—70.86%. Pry panels have better
results in cold time. Yearly average value of monocrystalline Pr is determined by 76.7%. Although the value of
polycrystalline panel’s PR (Prp) is resolved in range of 79.26%—68.61%, its PR can be more near- constant and
have better results in summer time. Pr range of a-Si (Pra) PV panel values are determined in range of 78.44%—
70.09%. Average PRpand Pr,is respectively 75.6%, 73.1%.
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5.5. Effect of environmental temperature change on panel efficiency:
To see the changes in efficiency of PV panel types towards environmental temperature, we have made a graph
for the efficiency as a function of the ambient temperature evolution. The graph of the study is given in Figure

14
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Figure 13: Relation between temperature and monthly efficiency.

As it is obvious from the graph and literature the ambient temperature has a negative effect on the
efficiency, but the value of this effect depends on the type of panels. It is very interesting to discuss the reason
why mc-Si panels have higher performance in cold time and pc-Si in summer time under similar operating
conditions. The TCP (Temperature Coefficient at Pmax) is a major justification which provides a measure of the
decrease in produced power due to temperature increase. The TCP for the studied mc-Si modules is -0.45%/°C,
for pc-Si modules, it is -0.41%/°C and it is -0.28%/°C for a-Si. Accordingly, the value of the TCP of pc-Si panels
will lead to a more generated output power of pc-Si in summer time. Lower negative value of Amorphous TCP
also justifies the behavior of the amorphous panels which is less affected by the temperature. But, globally the
mc-Si presents higher performance compared to the other two panels in weather conditions of Casablanca city.

5.6. Effect of environmental radiation change on performance ratio:
A similar study was also made between performance ratios of PV panel types and the values of radiation. The
graph of the study is given in Figure 14.
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Figure 14: Relation between PR and radiation

This graph shows how the change in the value of Gy influences Pr values. Increase in the value of Gopt
affects Pra value positively, but Prm and Prp values negatively. For both monocrystalline and polycrystalline
technologies, the increase in radiation gives an increase in temperature which gives a lower performance ratio but
the amorphous which is less influenced by the temperature, irradiation allows it to increase its performance ratio.
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5.7. Annual capacity factor:
The annual capacity factor of the PV system were calculated using equation (7):

Modules Types | Capacity factor (%)

me-Si 18.86%
pc-Si 18.64%
a-Si 18.05%

Table 3: Annual capacity factor for installed technologies

The annual results concerning the capacity factor are reported in Table 3. The results show that the mc-Si
installation exhibits slightly higher value (CF»=18.86%) compared to pc-Si and a-Si installations which have
respective values (CFp=18.64% and CF,=18.05%)

5.8. COzemission avoided:

The following table shows the amount of CO; emissions avoided for one-year period and for the two years of
operation.

Modules Types | CO2 avoided for one-year (tons) | CO2 avoided for 2-years operation (tons)
mc-Si 2.023 4.046
pc-Si 1.999 3.998
a-Si 1.765 3.530

Table 4: CO2 emission avoided for installed technologies

As can be seen, mc-Si modules have the potential of reducing more CO2 emission than pc-Si and a-Si modules.
A total annual reduction of emissions of about 5.787 tons can be achieved by using electricity generated by PV
systems instead of using fossil fuels.

5.9. Comparison of performance with equivalent in literature:
In order to draw a clear picture about the performance of the investigated solar PV installations, performance

parameters were compared with their equivalents in the literature (see table 4).

Location PV type Capacity Performance Overall Reference
(KWp) Ratio Efficiency (%)
Dublin, Ireland mc-Si 1.72 81.5 12.6 [23]
Island of Crete, Greece Pc-Si 171.36 67.36 [25]
Khatkar-Kalan, India Pc-Si 190 74 8.3 [33]
Eastern Cape, South Africa Pc-Si 3.22 84 [34]
Poland a-Si 1 60-80 4-5 [35]
Casablanca, Morocco a-Si 1.86 73.1 721
Casablanca, Morocco Pc-Si 2.04 75.6 11.4 Psrflfg;t
Casablanca, Morocco mc-Si 2.04 76.7 117

Table 5: Performance comparison of different grid-connected PV systems in different locations

It is clear that the performances obtained in the present study are quite similar to the other installations, which
makes it possible to prove the accuracy of our results.

V1. Conclusion
The present paper investigates the performance analysis of 5.94 KWp grid-connected PV systems

installed on the roof of an administrative building at the Faculty of science Ben M’sik Casablanca (Morocco).
Meteorological data of the site were derived from PVGIS database and by using real data of production for two
years operation. Monthly and annual performance indicators were calculated and compared for the three installed
technologies (Mc-Si, Pc-Si and A-Si). The main findings of this procedure are the followings:
» Asaresult of 2 years-observation between January 2015 and December 2016, average total electrical energy

generated by a-Si, pc-Si and mc-Si panels are 2941.15 KWh, 3331.15 KWh and 3370.89 KWh, respectively.
» The annual overall efficiency of the PV system were, respectively, 7.21% in the case of a-Si installation,

11.4% in the case of pc-Si installation and 11.7% in the case of mc-Si.
» The annual average daily final yields were 4.33h, 4.47h and 4.53h for a-Si, pc-Si and mc-Si installations,

respectively.
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Average performance ratio of 1860 W a-Si panels, for 2040 W pc-Si and mc-Si panels was calculated as
73.1%, 75.6% and 76.7%, respectively.

When changes in panel energy conversion efficiency according to temperature were examined and also the
changes in performance ratio according to radiation. The real behaviors for each panels has been brought to
light.

The annual capacity factor of the PV system were, respectively, 18.05% in the case of a-Si installation,
18.64% in the case of pc-Si installation and 18.86% in the case of mc-Si.

Each 1 kW electric power generated by PV panels decreases to 0.6 kg CO2 emissions in the atmosphere. Due
to PV systems installed on the basis of this fact, it was calculated that 5.787 tons CO2 emission was reduced
in a year. 1.765 tons of this decrease was ensured by a-Si panels, 1.999 tons by pc-Si panels and

2.023 tons by mc-Si panels.
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